Spin transport phenomena underpin an extensive range of spintronic effects. In particular spin transport across interfaces occurs in most device concepts, but is so far poorly understood. As interface properties strongly impact spin transport, one needs to characterize and correlate them to the fabrication method. Here we investigate pure spin current transport across interfaces and connect this with imaging of the interfaces.
Spintronics aims to harness the electronic spin degree of freedom for a wide range of potential device functionalities that are underpinned by spin transport through interfaces such as magnetoresistance effects including giant magnetoresistance 1,2 and spin-torque manipulation of magnetic states. [3] [4] [5] While the structure and composition of the interfaces can be expected to strongly affect the spin transport, 6-8 a direct characterization of the systems is challenging since the relevant interfaces are often buried under other layers. Hence they are not accessible with conventional surface sensitive imaging approaches and transmission electron microscopy does not allow for quantification of the quality of large areas. In particular the choice of the fabrication process can drastically modify the interfaces of the device, yet without such direct characterization of the interfaces the correlation between the fabrication method, interface quality and measured spin transport remains largely unknown.
Recently, however, a technique has been pioneered which provides direct non-destructive access to buried interface characterization via a scanning electron microscope (SEM). 9, 10 This technique opens up possibilities for such a direct connection between the spin transport and interfaces in relation to the fabrication recipes.
One particular prominent example where spin transport across interfaces plays a crucial role is the spin Hall effect (SHE), which provides the fascinating possibility to generate spin currents in nonmagnetic heavy metals (HM) with large spin orbit coupling. 11, 12 If an electric charge current is flowing in such a HM, a spin current is generated perpendicular to this charge current, with a polarization given by the vector product of the charge and spin current propagation direction. The reciprocal inverse spin Hall effect (iSHE) describes the appearance of an electric charge current on spin current absorption such SHE materials.
In order to maximize spin transport across interfaces, in addition to the spin Hall angle θ SH describing spin to charge conversion, 12 other contributions including spin transparency 7 and spin memory loss 6, 8, 13 must be understood and optimized. In many studies such sources of spin relaxation are not considered, -yet they can significantly affect the measured signals. 7, 13 Spin transparency describes the relative transmission of different spin channels across the interface based on the spin mixing conductance. 14 Spin memory loss describes the partial depolarization of the spin current caused by spin flip events as the spin current traverses the relevant interfaces.
Various techniques have been applied to determine θ SH experimentally including spin pumping, [15] [16] [17] spin Hall magnetoresistance 18 and spin orbit torque measurements. 13 However, even in the case of Pt, the most widely studied spin Hall material, the determined spin Hall angles differ considerably between 0.01 and 0.20, 7,19,20 depending on the particular study and the technique employed. These different techniques are based on different assumptions in particular concerning the nature of the relevant interfaces and hence their validity and applicability needs to be checked.
One particularly widely applied method to study spin transport through interfaces is the spin absorption method in a lateral spin valve device. [21] [22] [23] [24] In this geometry, two ferromagnetic electrodes (FM) are spatially separated but connected via a nonmagnetic bridge (NM), which acts as a spin current conduit. The FM electrodes can be employed to inject and detect pure spin currents and if there is a further intermediate HM electrode present, additional spin current absorption by the HM can occur. By a comparison of the measured signals with and without a SHE intermediate electrode, as well as the generated iSHE voltage across the HM, models have been proposed to describe the spin transport and to determine the spin transport parameters of the materials, in particular the spin Hall angle θ SH and the spin diffusion length λ HM of the HM. 21 However, in these and similar devices, the contribution of spin transparency and spin memory loss at the HM/NM and FM/NM interfaces and their connection to the interface structure is currently unclear. Of particular relevance is the role of the fabrication method in modifying spin transport via the resulting possible changes to the interfaces, which however requires a direct comparison between the quality of the interfaces and the spin transport, what is so far missing.
In this work we investigate the spin transport across Cu/Pt and Cu/Py interfaces using the spin absorption method in a multi-terminal Pt-Py-Cu lateral spin valve. We fabricate two types of devices, for which different processes have been used to pattern the Cu bridge, leading to different interface properties and in particular different defect densities. For these two cases we compare the conventional non-local signal, the spin absorption and the (inverse) spin Hall effect signal for varying temperatures. Depending on the sample fabrication method, we either find a very large (i)SHE signal and nearly no spin absorption or a low (i)SHE signal but strong spin absorption. The results are discussed in terms of the properties of the interfaces of the devices. To reveal the origin, the interfaces are imaged via a special scanning electron microscopy technique for buried interface characterization. Our findings demonstrate that the spin absorption method for determining spin transport parameters is not robust without further device characterization and highlight the sensitivity of spin transport to the interface properties that in turn are strongly governed by the fabrication method.
Lateral spin valve samples with a kinked geometry as shown in the insets of Figure 1 are fabricated on a sapphire substrate by electron beam lithography (EBL) and lift-off techniques. In the first step, a 100 nm wide and 1 µm long stripe is patterned, together with alignment markers and 16 nm of Pt is deposited using magnetron sputtering (red stripe in Figure 1 ). In the second step, three wires, one 140 nm and two 180 nm in width, are patterned perpendicularly to the Pt stripe and 25 nm of Py is deposited by ultrahigh vacuum (UHV) thermal evaporation (green wires in Figure 1 ). After the deposition and the lift-off processing of the Py wires, the substrate has been cut in two 5·10 mm 2 pieces. For the patterning of the nonmagnetic bridge, two different recipes have been used.
• Recipe 1: 300 nm of poly(methyl methacrylate) (PMMA) 950K A4 has been spun onto the chip and the EBL has been performed using 20 kV acceleration voltage of the primary beam.
• Recipe 2: Firstly 150 nm of methyl methacrylate (MMA) EL6 has been spun and as a second resist, 300 nm of PMMA 950 A4 has been used. The EBL has been performed using 10 kV acceleration voltage of the primary beam.
For both recipes, the baking time of the resist(s) is 90 seconds at 180 • C on a hotplate. The development has been performed for both recipes using one part of methyl isobutyl ketone (MIBK) diluted in three parts of isopropyl alcohol (IPA) for 45 seconds. The used exposure doses for the two recipes have been independently optimized in order to yield low ohmic electric interface resistances in the mΩ -range. In the last step, in-situ argon milling is used to clean the interfaces of the Py wires and the Pt stripe for both recipes at the same time with the substrates mounted on the sample holder next to each other and with the same orientation with respect to the argon gun. Finally, a 170 nm wide (for recipe 1) and a 190 nm wide (for recipe 2) and 85 nm thick Cu bridge has been deposited via UHV thermal evaporation, together with electric contacts (orange wire in Figure 1 ).
To measure the different spin transport signals, namely the conventional non-local, the spin absorption and the (inverse) spin Hall effect signal at a temperature of 4.2 K, an alternating current of 1.0 mA with a frequency of 2221 Hz is applied. To generate this current, an alternating voltage of 5 V amplitude has been applied and a 5000 Ω pre-resistor has been used before the sample to act as a current source. Since our nanowires have low resistances (some hundred Ω), we can assume the same current for all temperatures and neglect the small variations of the sample resistance which are on the order of 200 Ω for the central Py and less than 40 Ω for the left and right Py wire and the Pt stripe.
For the studied temperature dependence of the signals based on recipe 2, a pre-resistor of 1100 Ω has been used in order to apply higher currents. However, since the probe configuration has been changed, the left and right Py wire as well as the Pt stripe act as injector electrodes which have resistances below 120 Ω at room temperature and less than 80 Ω at 4.2 K. Therefore the same current is assumed for all temperatures and small variations of the sample resistance with varying temperature are neglected.
To measure the conventional non-local signal for samples fabricated by recipe 1 (2), we apply the current between contact 6 (7) as the top (bottom) part of the central Py wire and contact 1 as the left end of the Cu bridge. The non-local voltage is measured between contact 9 (8) as the bottom (top) end of the right Py wire and contact 10 as the right end of the Cu bridge. To measure the spin absorption signal, the current is applied between contact 6 (7) and contact 10 and the non-local voltage is measured between contact 3 (2) as the bottom (top) part of the left Py wire and contact 1.
To generate both the conventional non-local and the spin absorption signal, an external field is swept between −100 mT and +100 mT parallel to the easy axes of the Py wires, as indicated in Figure 1 . The non-local resistance R NL and the (inverse) spin Hall effect resistance R (i)SHE are defined as the measured voltages, divided by the applied current.
The error bars for the different temperature dependent curves are calculated as ∆ tot = (∆ AP ) 2 + (∆ P ) 2 , with ∆ AP,P as the standard derivation of the signals for high and low spin signal states. As also mentioned in the main text, the reduction of the spin signals via spin absorption is calculated as (1-(R Abs /R NL )).
Firstly, we compare the conventional non-local spin signals with spin current injection and detection in Py electrodes for the samples based on the two different recipes shown in Figure 1a ). We observe a signal of 1.10±0.01 mΩ for the sample based on recipe 1 (red curve) and a signal of 0.34±0.01 mΩ (blue curve) for the sample fabricated by recipe 2. We find that samples fabricated by recipe 1 consistently yield approximately a factor 3 higher spin signals than samples based on recipe 2. Since the electric charge current interface resistances are very similar for samples based on the different recipes (in the mΩ-range), these differences in the signals cannot be explained by different charge transport interface resistances. Additionally we emphasize that for all measurements, the different possible injector/detectors permutations have been checked, with a maximum variation of the different signals for the different configurations within one device of 25 %. In this work we always show the highest measured spin signals, which accounts for the different indicated probe configurations for the different samples based on the different recipes.
Next we compare the spin absorption strength, which is a measurement of the conven-tional non-local spin signal after the (partial) spin current absorption by Pt, for the samples based on the two recipes shown in Figure 1b ). Here we find even larger differences. For the sample based on recipe 1, the spin absorption signal is 0.90±0.01 mΩ (green curve) and thus about 20 % smaller than the conventional non-local signal. Hence within our variations of 25 % for the injector/detector configurations, we do not determine significant spin absorption at the Pt/Cu interface for the sample fabricated by recipe 1. For the sample based on recipe 2 however, we observe a spin absorption signal of 0.08±0.01 mΩ (orange curve), resulting in a reduction of 76±3 % (calculated as (1-(R Abs /R NL ))) of the non-local signal from the case without the intermediate Pt electrode and therefore a large expected spin absorption by the Pt electrode. The determined results for the sample based on recipe 2 with a reduction of the signal of 76±3 % for Pt as an absorber material with large spin orbit coupling agrees well with findings in the literature, where the absorption of various SHE materials including Pt, 23, 25 CuBi 22 and AuTa 24 has been studied using this approach in lateral spin valves. However, what is surprising in our study is the lack of differences in the conventional non-local and the spin absorption signal for the sample based on recipe 1, which calls for further investigation. In order to understand the differences we next compare the spin absorption signals to the (inverse) spin Hall effect signals in the heavy metals.
To measure the inverse spin Hall effect signal, the same applied current has been used and the field is swept as before along the easy axes of the Py wires. Since the generated charge current in the Pt stripe due to the iSHE is
the polarity of the generated charge current J iSHE changes sign on changing the orientation of the spin current J s . In order to switch J s , the injector magnetization is reversed by sweeping the external magnetic field.
As in our previously used geometry, 26 we have patterned the Pt stripe and the Py wire perpendicularly to each other which provides the maximum changes in the spin signal via sweeps of the external field parallel to the easy axis of the FM wire. As a result, the two non-local resistance levels corresponding to two magnetic states are stable at remanence.
Furthermore, the required fields to fully saturate the magnetization are much lower compared to previous publications where the heavy metal and the magnetic wires were often all oriented parallel to each other. 22, 23 As presented in Figure 2a ), we find for the sample fabricated by recipe 1 an inverse spin
Hall effect signal of 0.40±0.01 mΩ (brown curve) and for the sample based on recipe 2 a signal of 0.08±0.01 mΩ (purple curve). The size of the signal for the sample based on recipe 2 is consistent with the measured spin signal in our previous work, 26 where also recipe 2 has been used for the Cu bridge processing. This difference of the iSHE signals as compared with the difference of the spin absorption signals, however, is counter-intuitive:
One would expect that a large reduction of the spin signal by spin absorption into the Pt stripe should be connected with a large (inverse) spin Hall effect signal in the Pt, if both signals are based on the same spin current. From these results, we conclude that the size of the so-called spin absorption signal is not only related to the intrinsic properties of the Pt electrode. Rather the Pt/Cu interface properties are of key importance and additional contributions need to be taken into account which reduce the spin current without contributing to the inverse spin Hall effect, such as interface spin memory loss. 6, 8, 13, 17 To check this, we probe the normalized temperature dependence of the spin Hall effect for samples based on the two recipes, as shown in Figure 2c) ). Due to Onsager reciprocity, 27, 28 varying the probe configuration does not change the signal, as confirmed in our measurements. 26 We find for temperatures between 50 K and 200 K a stronger decrease of the normalized spin Hall effect signal measured for the sample based on recipe 1 compared to recipe 2. These differences can be explained by a strong temperature independent reduction of the spin current, which partially masks the temperature dependent contribution.
As a result, the decrease of the spin diffusion length in the Cu bridge with increasing temperature 29 as expected from Elliot-Yafet theory, 30, 31 which is usually sufficient to explain the temperature behaviour of the inverse spin Hall effect signal in this temperature range, is less dominant for samples fabricated by recipe 2 compared to samples fabricated by recipe 1. If the Pt/Cu interfaces for the two recipes are indeed significantly different (despite the very similar electric interface resistances), we expect that these differences should also clearly affect the temperature behaviour of both the conventional non-local and the spin absorption signal for samples based on the different recipes. This needs to be checked next. We now compare the temperature dependencies for the normalized conventional nonlocal and the spin absorption signal for both recipes, as plotted in Figure 3 . As expected from the comparison of the two signals at 4.2 K, the signals of the sample based on recipe 1 are equivalent within the error bars. This is different for the sample based on recipe 2, where a much stronger reduction of the spin absorption signal with increasing temperature is found. In previous publications, differences in the temperature behaviour during the spin transport have been usually attributed to effects such as increased surface scattering 29, 32 or the Kondo effect. [33] [34] [35] Since here the Cu conduit and the Py/Cu interfaces are the same for a given recipe, all changes between the non-local signal and the spin absorption signal must be connected to the additional Pt/Cu interface.
These large differences in the temperature dependence for the two signals for the sample fabricated by recipe 2, combined with the identical temperature dependence of the signals of the sample based on recipe 1, support our previous findings concerning the differences in the (inverse) spin Hall effect signals. A significant amount of the generated spin current in the sample based on recipe 2 is lost due to spin flip events at the interface and does not contribute to the (i)SHE signal.
To directly probe the structural nature of the different relevant Py/Cu and Pt/Cu interfaces for devices made via the two recipes directly and thus to reveal the origin of the different results of the spin transport measurements, we additionally characterize the relevant interfaces via a special SEM technique. This technique allows for non-destructive buried interface imaging by employing a decelerated electron beam, as explained in detail in our previous work. 9, 10 Individual SEM images have been taken using the commercial SEM "JEOL JSM 7800F".
These images have been taken using different acceleration voltages, which are selected based on the results of a "CASINO" electron trajectory simulation. 36 The used in order to maximize the back-scattered electron signal. The images, taken with different acceleration voltages have been subsequently compared using a "MATLAB" script. In this manner, the contrast and alignment of the images has been re-adjusted and a processed image is generated.
We present here representative images of the Pt/Cu and the central Py/Cu interfaces, since the left and the right Py/Cu interface show analogous results to the central one. As shown in Figure 4 , we observe significantly less inhomogeneities for samples fabricated by recipe 1 compared to samples based on recipe 2, which can be quantified via an "effective defect free interface area" EA. The effective defect free interface area can be understood as the area (marked by red boxes) without detectable inhomogeneities, divided by the total area. We emphasize that these effective areas should not be mistaken with the contact area of the interfaces, since the non-local signal scales reciprocally with the contact area, 37 which is not the case for the EA described here. Rather the EA corresponds to interface regions where effective spin transport is expected. Within a clean area, we mark single defects as green circles. The areas marked in yellow are related to the varying thickness of the Pt and Py wires, caused by the in-situ milling procedure which decreases the thickness of the previously exposed parts of the Pt stripe and the Py wires.
We find for samples based on recipe 1 much more homogeneous Pt/Cu and Py/Cu interfaces, resulting in a 73 % EA for the Pt/Cu and a 70 % EA for the central Py/Cu interface.
In particular for samples based on recipe 2 we observe at the top Pt/Cu and the top Py/Cu edge a shadow region (marked as a blue box in the plots), which is also found at the left and right Py/Cu interfaces. These shadow regions significantly reduce the determined effective area down to 60 % for the Pt/Cu and 50 % for the central Py/Cu interface, reducing the overall interface quality for samples fabricated by recipe 2. Our results lend themselves to the explanation that significantly more spin relaxation at the interfaces is generated for samples based on recipe 2. Consequently both a lower (i)SHE signal and a larger reduction in the non-local signal is found, compared to samples based on recipe 1 with better interfaces.
The worse interface quality for samples based on recipe 2 compared to samples based on recipe 1 is supported by energy-dispersive X-ray spectroscopy (EDX) measurements, as presented in Figure 4c ). While for samples fabricated by recipe 1, the EDX results are as expected based on the sample design, we find for samples based on recipe 2 some additional Cu content at the Pt/Cu and Py/Cu edges, which is marked with yellow ellipses in the plot.
From these measurements we conclude that although the lift-off based on a double layer resist (recipe 2) is significantly easier compared to the lift-off based on a single layer resist (recipe 1), recipe 2 leads to Cu content at undesired positions, which is consistent with the lower quality of the interfaces of samples based on recipe 2 compared to samples fabricated by recipe 1.
As mentioned, double-layer resists are usually employed to facilitate the lift-off process for thick films. However, our work demonstrates that the device performance depends significantly on the used patterning process and deposition conditions since they lead to different interface qualities, which are not apparent from conventional characterization. This has direct consequences for the determination of key transport parameters such as θ SH and λ HM , describing the HM influence on the spin absorption and the (inverse) spin Hall effect signal.
We determine for samples based on recipe 2 the spin diffusion length and the spin Hall angle of Pt to be 3 nm and 0.16 %, respectively at 4.2 K. For samples fabricated by recipe 1 (assuming R Abs1 /R NL1 =0.8), we evaluate λ HM to be 19 nm while θ SH is determined to be 1.6 % at 4.2 K by using the same method as Sagasta et al. 23 Hence depending on the interface quality, there is an order of magnitude difference in the determined effective parameters, similar to the spread seen in the reports from different groups in the literature. 7, 19, 20 To explain the strong reduction of the spin absorption signal together with the low (i)SHE signal measured in samples based on recipe 2, different possible contributions are considered.
One possibility is that residual resist is present at the interface and the contamination and The situation is different for samples based on recipe 1, where we find that the interfaces are of significantly higher quality. Additionally in these samples, no differences of the temperature dependence between conventional non-local and spin absorption signal have been seen. These results, which reveal strong differences depending on the interface homogeneity, suggest that spin transparency and spin memory loss are crucial and must be taken into account to explain the surprising high (i)SHE signal and the surprising low spin absorption.
Our results for these samples suggest that there is little spin memory loss at the Pt/Cu interface for samples based on recipe 1 and therefore no significant reduction of the spin absorption signal compared to the conventional non-local signal, in contrast to samples based on recipe 2. However, it is important to note that the absence of spin memory loss does not necessarily directly lead to a large (i)SHE signal, depending on the transparency of the interface. Due to the finite spin diffusion length in Pt, only the spin accumulation that has passed across the Pt/Cu interface can be scattered and consequently contribute to the (inverse) spin Hall effect.
Based on the strong variations of the determined effective spin transport parameters of the different systems, we conclude that the spin absorption method faces challenges for robust determination of the spin Hall properties due to its strong sensitivity to the different interfaces. Experimental methods which are based on thin films and do not require a multistep lift-off process, e.g. spin pumping, [15] [16] [17] spin torque ferromagnetic resonance 7 or spin orbit torque measurements 13 might be more suitable for an accurate determination of θ SH and λ HM . While also in these measurements contributions such as spin transparency and spin memory loss need to be considered, possible problems with residual resist and other fabrication related inhomogeneities at the interfaces are less relevant.
We furthermore conclude that in our samples in addition to the intrinsic properties of Pt (λ HM and θ SH ), which are relevant to explain the device behaviour, also the influence of the relevant interfaces and especially contributions such as spin transparency and spin memory loss play a decisive role. In particular characterization methods that can directly reveal the loss of spin information at the interfaces are crucial for a proper determination of spin absorption and the (inverse) spin Hall effect. For a proper characterization of the interfaces, both temperature dependent spin transport and buried interface imaging are necessary since the subtle differences that lead to different spin transport may not be revealed by electrical characterization. Especially the correlation between the fabrication method and the resulting interfaces characterized by buried interface imaging and spin transport measurements provides invaluable insights into the device performance and reveals the strong sensitivity of spin transport to the fabrication recipe. In order to maximize the spin signals, next to a careful tailoring of the relevant interfaces, material combinations with minimized spin memory loss and maximized spin transparency, e.g. by suitable band structure matching, 38 are promising.
In summary, we have studied multi-terminal Pt-Py-Cu based lateral spin valves, which allow us to compare the spin absorption signal with the size of the (inverse) spin Hall effect for two fabrication recipes for the Cu conduit patterning. Very similar charge transport properties of the interfaces of the samples for the two recipes are found. However, we observe drastically different conventional non-local, spin absorption and (inverse) spin Hall effect signals for samples based on the different recipes. For samples fabricated by the first recipe, where a single PMMA-resist layer has been used for processing, a very large (inverse)
spin Hall effect signal is found but no significant spin absorption at the Pt/Cu interface is observed. For samples based on the second recipe, where a dual MMA-PMMA-resist layer has been used, we observe a low (inverse) spin Hall effect signal but find a reduction of the non-local signal of 76±3 % at 4.2 K.
These large differences of the signals for the different fabrication recipes are explained by interface spin loss and spin relaxation at the Pt/Cu interface due to the different qualities of the interfaces. These effects crucially changes the spin properties but do not affect the electrical properties of our devices. By performing direct imaging of the buried Pt/Cu and Py/Cu interfaces, we observe significantly higher quality interfaces for samples based on recipe 1 compared to recipe 2. Thus we are able to directly link the obtained spin signal with the imaged interface quality, which in-turn is determined by the fabrication method.
Our results clearly indicate that for a full understanding of spin transport through interfaces, not only the electric charge transport but additionally the interface spin transport
properties are crucial and need to be tailored carefully.
One prominent consequence in this work is the fact that we determine strongly varying effective spin transport parameters of identically deposited Pt (λ HM of 19 nm for recipe 1 and 3 nm for recipe 2 and θ SH of 1.6 % for recipe 1 and 0.16 % for recipe 2) for the two fabrication recipes. We conclude that the widely used spin absorption method is not always robust due to its strong sensitivity to the interface quality, which is not revealed in conventional electrical sample characterization or conventional imaging. Overall, the work demonstrates the vital role of interface structure in spin transport by both correlating spin transport properties and the interface structural quality obtained from buried interface imaging and we find that the interface quality is strongly dependent on the fabrication techniques.
